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Abstract 


The principal aspects and events in the evolution of insects. and the 
nature ol their fossil record are reviewed. A Palaeozoic fauna of extinct 
orders and suborders, diverse in size. habitat. habit, and diet, was 
progressively replaced in the Permian by the stem-groups and early 
representatives of extant orders. The distribution in time of the 
Palaeozoic orders, and the first appearances of superfamilies of most ol 
the remaining ordets, ave figured and discussed. There is no very strong 
evidence for explosive supraordinal radiations following significant 
evolutionary events, and the first appearances of important groups are 
not always immediately tollowed by major diversification. Within orders 
rapid expansions can be recognized following the presumed appearance 
of new types of larva, and particularly in association with the rise of the 
angiosperms, which provided the impetus lor massive radiations at 
several trophic levels 


Introduction 


Measured in terms of diversity, distribution, and sheer numbers, 
insects are an extraordinarily successful group. There are relatively few 
marine forms, most confined to the littoral zone: but insects are crucial 
components of almost every ecosystem on land and in fresh water—and 
they seem to have been so for a substantial proportion of Phanerozoic 
lime. 

With hindsight, it is possible to recognize several components of their 
ground plan which must particularly have contributed to their success. 
The cuticle, a spectacularly versatile composite material whose thickness, 
hardness, compliancy. and permeability are under fine local control, 
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provided support. enclosure, waterproofing. an efficient respiratory 
system. and a wide range of sensors and ctlectors | Neville 1978. V incen 
1980). Of the last, yornted legs allowed efficient, stable substrate locomeo 
tion, and their reduction to fre pairs. which could be spread out so that 
their fields of movement did not overlap. gave manoeusrability Aree 
pairs of jaws gave scope tor great trophic diversity. Today inseers 
variously use therm ta chew living and dead plants and animals. to seize 
and manipulate prey, to pierce and suck plant and animal Nuids, to lap 
and sip plant exudates and other organic-rich Muids, t0 scrape 
encrusting algae, and to filter-leed: contrast the unilormly predators 
spiders, with a single pair of jaws which can only pierce, inject. and tear 

Beyond the ground plan we can identily three enormously significant 
later developments, The origin of wings gave insects mobility in three 
dimensions and must greatly have helped their exploitation of tall 
plants, besides giving them new scope for dispersal and migration. If. as 
is disputed but probable. the first winged insects had outspread wings 
like modern dragontlies. their mobility on the ground must have been 
impaired; but this was restored by the development of wing folding, 
which also allowed the animals to penetrate vegetation and small spaces. 
The evolution of internal wing development (endoptery goty ) combined with 
holometaboluus development via a pupa brought new possibilities for physical 
and physiological divergence between juveniles and adults. tor resource 
partitioning, and for precise *keving-in’ to seasonal changes, and to the 
lite cycles of food organisms. 

A further significant factor is the capacity of insects to evolve to be 
small. This brings with it the potential lor occupying the wide range of 
microhabitats available in any ecosystem, with consequent niche 
diversification. and the opportunity—by no means always exploited 
—of rapid reproduction. The primiuvely wingless Collembola (springtails) 
include some of the most minute modern insects—as little as 0.2 mm in 
length. In winged insects, however, small size necessitates high wing- 
beat frequencies. which can only be achieved if the Night muscles are of 
the special fibrillar type. which is capable of contracting several times for 
each nerve impulse. Fibrillar muscle seems to have evolved indepen- 
dently many ures within the Class (Pringle 1976) 


The insect fossil record 


Everything listed so far can be deduced trom extant insects without 
reference to the fossil record. but only fossils can indicate when these 
landmarks were reached and show the patterns of diversification which 
accompanied these and other significant events. Since most palaeonto- 
logists have a limited knowledge of the insect record. it may be helpful to 
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outline its characteristic features and limitations. The rest of this review 
should be read with these in mind. 

The fossil record of insects is unusual, [t is extensive, and fairly 
well-documented, but fossils make up less than | per cent of described 
species (Muller and Campbell 1954: F M. Carpenter. personal 
communication)—a remarkably high proportion when one considers 
the enormous modern fauna and the scarcity of palacoentomologists, 
but contrast over 4) per cent for the molluscs and chordates. Many 
species are known from single specimens. Phe record is probably 
therelore rather unrepresentative. Beds with abundant well-preserved 
insects are uncommon., and many are certainly overlooked. In 
consequence, a high proportion of the known species in any major 
geological division will have come from perhaps three or tour really 
productive and well-studied localities, and often froma restricted part of 
the globe: we sull know comparatively lirle about non-iroepical insect 
faunas from the Palaeozoic. and of tropical faunas from the Mesozoic 
and Cainozoic. It follows that the discovery of a major new deposit. such 
as that from the early Cretaceous of Australia (Jell and Roberts 1986), 
can drastically transform our view of the abundance and distribution ol 
Insect groups in Ume. 

The lossilization process ts heavily selective. Insects are surprisingly 
resistant to decomposition (see Whalley 1985 for a useful discussion). 
but only preserve well in fine-grained sediments and in amber, Body 
and head characters are frequently hard to decipher, and taxonomy 
therefore relies substantially on wing characters: indeed isolated wings 
are often all that remain, Wings provide plenty of characters, bur their 
use is full of pitfalls. Their variability itself varies greatly from group to 
group. and it is sometimes hard to tell whether differences between 
similar wings represent individual variation, or define species. genera, 
or higher taxa. Furthermore, the functional significance of most aspects 
of wing design has until recently been quite unknown, so that it has been 
very difficult to gauge the probability of characters arising in different 
groups by convergence, either singly or in correlated assemblages. 

Not surprisingly, there are major differences of opinion in fossil 
insect systematics, and the position of many groups, especially in the 
Palaeozoic, is sull best regarded as uncertain. Quantitative treatment of 
the record ts therefore difficult. The analysis which follows draws 
extensively. and fairly uncritically, on Rohdendorf and Rasnitsyn 
(1980). the most recent major summarizing account of the fossil insects 
as a whole, and on later Soviet monographs where these supersede the 
earlier work, Useful summaries of the distribution of families in time are 
given in Ponomarenko (1988). The collected data in the imminent 
insect volumes. by F.M. Carpenter, of the Treatise on ineeriebrate 
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paleontology, will allow tar more detailed analyses than are now 
practicable. 

With so many uncertainties it is not surprising that the impact of 
cladism has been rather slight, and paraphyletic taxa are widely used. 
This practice has been defended by Rasnitsyn (1988). I have followed 
traditional classification. but indicate paraphyletic taxa where 
appropriate. 


Major radiations 


Our knowledge of the relationships between the principal groups ol 
insects is still very incomplete. Kristensen (1981) discusses the principal 
areas of uncertainty. Figure 9.1 indicates my own views and reserva- 
tions on the evolution and interrelationships of the major subdivisions. 


1. The apterygote radiations 
We know very little of the initial radiations of the primitively wingless 


insects. The earliest known are the possibly Siegenian springtails (Q. 
Collembola) (Whalley and Jarzembowski 1981) and the problematical 


Holometaboly 


Neoptera 


`N 
Wing-folding 


Fig. 9.1. The probable interrelanonships of the major inseer groups 
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Rhyntognatha, an isolated pair of biting mandibles; all from the Rhynie 
Chert. Apparent bristletails (Archacognatha), are known from the 
Emsian of Quebec and the Givetian of Gilboa (Labandeira ef a/ 1988), 
Kukalova-Peck (1987) has described a japygid dipluran and figured a 
thysanuran (O. Zygentoma), both from the Upper Carbonilerous 
(Westphalian D) of Mazon Creek, Illinois, and Monura are known 
from several Upper Carboniferous and Lower Permian localities 

It is clear that considerable radiation had already taken place by the 
mid-Devonian; Kukalova-Peck (1987) reviews the interrelationships ol 
these groups. and concludes more radically that the basic division into 
major ordinal lineages had already taken place by the early Silurian 
There is good evidence for early trophic diversity, Most modern 
Collembola feed on a variety of small-scale plant debris, some on plant 
cell contents. Most Archaeognatha and Zygentoma are detritivores. 
Japygidae are predators. 


2. The initial pterygote. palaeopterous, and neopterous radiations and the 
Upper Carboniferous/Lower Permian fauna 


The circumstances of the origin of insect Hight continue to be discussed 
(for recent reviews see Quartau 1986; Wootton 1986), Precisely when 
flight evolved is still unknown. Winged insects appear first in the 
Namurian: and our knowledge of these carly forms has recently been 
significantly improved by the description of many new insvets from the 
Namurian B of Hagen-Vorhalle. West Germany (Brauckmann 1988) 
lt is clear that by this stage not only Hight but also wing-loldiny had 
evolved, and that both the palaeopterous (non-folding) and neopterous 
(folding) lines had undergone significant radiations. Less clear is which 
il any of the known fossils belong to the stem-group of Preryeota, rather 
than to the monophyletic Palacoptera or Neoptera; and how they held 
their wings at rest. The Carboniferous Paoliidae were believed by 
Shareyv (1966) to be stem Pterygota, and to have had at least partly 
folding wings, and this is supported by Rasnitsyn (1976, 1981). T tind 
the evidence for their stem status unconvincing, and at present prefer to 
treat Paoliidae as incertae sedis. 

Figure 9,2 shows the number of families. in each of four subdis isions 
of the Upper Carboniferous and Permian, of the principal definable 
groupings which resulted from the early radiations of the Palaeoptera 
and Neoptera. The Upper Carboniferous is here divided at the top ol 
Westphalian A—approximately the end of the Bashkirian 

By the Namurian B, Palacoptera had already separated into at least 
two clades; Odonatoidea—the dragonfly group—and Palaeodictyo- 
pteroidea—an exclusively Palaeozoic group of orders characterized by 
piercing and sucking mouthparts. As the odonatoids appear to be the 
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f One tamily 


Ee s 
Paiaeodictyopleroigea Ephemeroptera Caicneurodea Dictyoptera 
Soonatcidea Protornoptera Orthoptera 


Fig. 9.2, The number of families, in cach of four late Carboniferous and 
Permian subdivisions, of the principal groups ol Palaeoptera and Neoptera 
which first appear in the Carbonilerous 


sister-group of Ephemeroptera (mayilies) (Riek and Kukalova-Peck 
1984) the latter may also have been present, but the earliest known 
mavily fossils are Westphalian C (Kukalova-Peck 1985), All Palac- 
optera, fossil and extant, belong to one of these three groups. They 
continued to diversify through the Upper Carboniferous and Lower 
Permian. but the palaeodictyopteroids were in decline by the mid- 
Permian, and vanish by the end of the period. Most Palaeozoic 
dragonflies and mayflies are quite distinct from Mesozoic and later 
forms, and have been placed in separate suborders. The most archaic 
odonatoid group—which may have extended into the Mesozoic—is 
often treated as an order, the Protodonata, separate from Odonata. 

The Palaeodictyopteroidea appear to have radiated rapidly before 
and during the Upper Carboniferous and Lower Permian. They are 
usually divided into three, or sometimes four orders, peaking al 
different times: Palaeodictyoptera in the late Carboniferous and 
Megasecoptera, Diaphanopterodea, and Permothemistida in the Lower 
Permian, All were extinct by the end of the Permian. They form a 
distinct assemblage of Nuid-feeding insects which strikingly parallel the 
neopterous Hemiptera in their piercing/sucking mouthparts. Their size 
range is remarkable: wing spans vary between 10 and ¢ 560 mm, The 
Diaphanopterodea developed the ability to fold their wings, quite 
independently from the true Neoptera, 

Carboniferous odonatoids are all Protodonata ( = Meganisoptera). 
and are only moderately diverse. Brauckmann and Zessin (1989) 
recognize four families, of which two are probably paraphyletic. Three 
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are already present in the Namurian. Two continue into the Permian 
(Carpenter 1960). where also occur smaller dragonflies, usually 
regarded as true Odonata. These are known only from wings, and their 
relationship to later Odonata is still controversial, but the wing shapes of 
some are strikingly similar to those of modern damselflies (Suborder 
Zygoptera) while others parallel those of small modern dragonflies of the 
Suborder Anisoptera. Together the Palaeozoic odonatoids show a huge 
size range with wing spans from 44 to 710 mm. 

All modern odonatoids are predators, and the grasping lorelegs of 
Namurotypus sippel) (Brauckmann and Zessin 1989) and of related 
Stephanian and Lower Permian forms show that they too had predatory 
adults. The nymphs of Palaeozoic odonatoids are still hardly known. 

Ephemeroptera are very rare in Carboniferous rocks, with one 
certain family and two which may well be (Kukalova-Peck 1985, but see 
Carpenter 1987 and Kluge 1989). The few nymphs which are known 
appear to be aquatic, like all modern forms, Mayflies are fairly 
abundant in the Lower Permian, where both adults and aquatic nymphs 
are known (Carpenter 1979; Hubbard and Kukalova-Peck 1980) 

The classification of Carboniferous and Permian Neoptera is still 
disputed. In the Carboniferous, four orders are clear-cut: Orthoptera, 
with one family; Dictyoptera, represented here by innumerable 
cockroaches in perhaps five families: and the extinct Caloneurodea and 
Miomoptera. Beyond these lie perhaps 30 families (Carpenter and 
Burnham 1985) of insects with chewing mouthparts, some expansion in 
the anal area of the hind wing, and abdominal cerci, representing a 
burst of radiation of rather generalized neopterous forms. Following 
Carpenter (1966 and elsewhere) and Burnham (1983), these forms are 
treated here as a single, unquestionably artificial Order Protorthoptera. 
The same five orders are found in the Permian, where cockroaches are 
far less common, ‘Protorthoptera’ far more so, with well over 30 
families (Carpenter 1935, 1950, 1966, 1976). A new order. the 
Protelytroptera, is restricted to the Permian. 

In this assemblage of extinct orders, and extinct suborders of extant 
orders, we can distinguish a clearly-marked Palaeozoic fauna, rich in 
species and diverse in size, form, and habit, which had almost entirely 
disappeared by the end of the Permian. Their ecology is still poorly- 
known, but a variety of adaptations were discussed by Carpenter 
(1971), and evidence of plant-arthropod interactions has been reviewed 
by Scott and Taylor (1983), Taylor and Scott (1983) and Scott et al. 
(1985). It seems certain that the palacodictvopteroids were pre- 
dominantly liquid-feeders, probably sucking sap and in some cases 
the liquid endosperm of seed-fern and gymnosperm megaspores 
(Sharov 1971; Taylor and Scott 1983) and perhaps feeding directly on 
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microspores (Smart and Hughes 1972) Lycopod spores have been 
confirmed in gut contents of the Carboniferous protorthopteran Eucaenss 
ovalis (Taylor and Scott 1983) and there is good evidence, mainly from 
coprolites, that spore-feeding was widespread among Palaeozoic 
arthropods, many of which will have no doubt been Protorthoptera 
(Seort ef ef. 1985). Evidence lor feeding on living plant leaves and sterns 
is still scanty. but cockroaches and doubtless some Protorthoptera will 
have been scavengers and detritivores. Other Protorthoptera were 
certainly raptorial predators (Carpenter 1971). So were adult odo- 
natoids, and the similarity of the wings of Permian lorms to those of 
extant dragonflies indicates a hich degree of Might adaptation, and hints 
that they might already have been capable ol taking prey on the wing 
Some adult Permian mayflies had substantial jaws. and mav also have 
been predatory, [he broad size-range of both herbivores and predators 
suggests a complex web of predator-prey interacuions in a wide varicty 
of terrestrial habitats. 

The extent of Palaeozoic insect radiation in fresh water ts less clear: 
see Wootton (1988) for a recent review. Several prominent workers 
(e.g. Stys and Soldán 1980: Kukalova-Peck 1983, 1987; Toms 1984) 
believe that the first insects were aquatic at all lite-stages, and that the 
aquatic juveniles of many groups are therefore primutively so. [fF this is 
the case, the larvae of odonatoids and Ephemeroptera were aquatic 
from the first, More evidence is needed. Apparently aquatic mavily-like 
nymphs are known from the Westphalian of Ilinois and Czechoslovakia 
(Kukalova-Peck 1985), and the excellent mavily nymphs from the 
Lower Permian (Kukalosa 1968: Hubbard and Kukalova-Peck 1980) 
were certainly aquatic, as apparently were some Lower Permian 
Protorthoptera (Carpenter 1935; Kukalova-Peck 1978) Some Permian 
aquatic larvae were certainly predatory; but we know little else about 
the range of insect feeding habits in Palacozoic freshwater systems 


3. Radiation patterns of the extant orders 


From the Lower Permian onwards. initially alongside the Palacozo 
faunal components just described, the foundations of the modern fauna 
were being laid. Orthoptera, with five Permian families. were 
expanding: so were the stoneflies (Plecoptera), whieh appear here tor 
the first rime. Furthermore. by the Artinskian it ts clear that three more 
major landmarks had been passed. The radiation of Paraneoptera—a 
monophyletic cluster of exoptery gote orders of which the Hemiptera are 
bs far the most mmportant—was underway: holometabolous dev elup- 
ment had evolved: and stem Mecopreroidea a significant monophylene 
group of holometabelous orders, were present Ol Parancoptera. the 
orders Psocoptera, Thysaneprera. and Hemiptera are all present in the 


9. Major insect radiations 195 


Artinskian. Ot Holometabola. beside stem mecopteroids we find 
Neuroptera, Coleoptera, and a small extinct order, the Glosselytrodea, 
whose systematic position is unclear, and which is unknown after the 
Jurassic. 

These insects, and those which follow, tall into two categories. We 
may first distinguish a group of orders and suborders which appear to 
have exploited a range of resources which were available from an early 
stage. and to have undergone relatively moderate radiations thereafter, 
achieving lair, rather than extraordinary diversity. Beyond these we can 
identily five immense orders, which together make up some 93 per cent 
of all modern described insect species—and about 70 per cent of all 
extant species of animals. These are the Hemiptera, which are 
cexopterygote Paraneoptera., and the Lepidoptera, Diptera, Coleoptera, 
and Hymenoptera, all of which are endopterygote Holometabola, the 
first two being mecopteroids. 

Figure 9.3 illustrates. for the majority of these orders, the numbers of 
superfamilies appearing for the first time within each of a series of subdivi- 
sions of the geological column. These subdivisions are unequal, but 
none is more than +1 Ma long. The figure hence shows something of the 
major periods of diversification at superfamily level. Two limitations 
should be borne in mind. First, the superfamily category is more 
commonly used in large orders than in small, but the differences 
between families in small orders may be as great as those between 
superfamilies in large orders, Second. the uneven information trom 
different periods can lead to wrong conclusions. When a period with 
relatively few good localities. like the Triassic. precedes a more 
productive one. like the Jurassic. radiations which actually took place in 
the former may not appear until the latter 

Dealing first with the more moderately-sized groups: three 
exopterygote orders—Odonata, Ephemeroptera, and Plecoprera— 
typically have aquatic juveniles and terrestrial/aerial adults, In each 
group the juveniles are significantly different in appearance from the 
adults; Odonata in particular show that a considerable degree ol 
metamorphosis is sometimes possible at a single moult without need for 
a pupal stage, 

Odonata show moderate diversification throughout. They are 
predatory as both larvae and adults. Suitable prev will have been 
available from the first. and the evolution of the group seems to have 
consisted of adaptive refinement and modest adjustment to changing 
conditions and prey 

Ephemeroptera show a rather similar pattern. though the diagram 
shows breaks. which may be spurious. in the Triassic and Cretaceous, 
Alone among extant insects, roavilies have two winged stages. bath 
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Fig. 9.3. First appearance through time of stipertariiies ol a selection of 
mseet orders. 


short-lived. Today only the larvae feed. andit is the larvae which show 
most evidence of spectacular adaptive rachation They occur m most 
kinds of freshwater bodies. and in and on a variety of substrates: and 
their feeding habits range from filtering to active predation. 1 have 
discussed elsewhere (Wootton 1988) the tithe-ranges within which these 
habits probably arose. 

Plecoptera, which are neopterous, make an interesting contrast. 
Uhere are today perhaps half as many species of stonetlies as ol may ties 
Their habitats are more restricted—most are confined to running 
water—and they are much less diverse in form. Their radiation at 
superfamily level appears restricted to the Permian. though there is 
evidence for a burst of new families in the Triassic and Jurassic 
(Sinichenkova 1987). 

Orthopiera and Dictyoptera are rather generalized exopterygote, 
neopterous, lerrestrial—and paraphyletic—orders. with their origins in 
the Carboniferous. The saltatury Orthoptera show a notable radiation 
of superfamilies in the Triassic, where also appears their offshoot. the 
Order Phasmida — stick- and leaf-insects. No new superfamilies 
appear alter the Triassic, but later radiation at and below family level 
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Fig. 9.3. continued 


is considerable Today over hall the species in this large order belong to 
a single famuly. the Acrididae. the whole of whose expansion may 
have taken place since the late Cretaceous, in association with angi- 
sperm radiation. and particularly with the development of open grass- 
lands Tettigoniidae. whieh today provide a third of the total, seer also 
to have radiated within this time 

Dictwoptera show a very different panern. Carboniferous cock- 
roaches (Suborder Blattodea) are very numerous. vers variable. and 
verv hard to classily, They are placed in up to seven lamilies, in a 
separate division from all modern forms, from which some at least differ 
in having a long ovipositor. All extant cockroaches have short oviposi- 
tors, and almost all lay their eggs in cuticular packages (oothecac) 
Cockroaches are scarcer in Permian and Triassic beds. and their 
principal supertamily radiations are Jurassi and Cretaceous. Oothecar 
are known from the Upper Creraceous. 

The remarkable eusocial, cellulose- and wood-teeding termites 
IO Isoptera) first appear in the Cretaceous (Jarzembowski 1981) 
and are clearly derived from cockroaches. The predatory mantises 
(Dictyoptera, Suborder Mantodea) are unknown before the Tertiary, 

The highly significant mecopteroid Holometabola comprise five 
orders, The Siphonaptera (fleas), are hardly Known as tossils, but first 
appear in the Lower Cretaceous (Jell and Roberts 1986). Two orders, 
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the Mecoptera and Trichoptera, have been of moderate importance: the 
latter far more so today. Two orders, the Lepidoptera and Diptera, are 
among the five largest orders, and are discussed below. 

Mecopteroids appear first in the Artinskian, and undergo significan 
radiation in the Permian. Permian torms have conventionally been 
placed in Mecoptera and Trichoptera, both paraphyletically defined, 
the former order being ancestral to the other four. In cladistic terms, 
however, Mecoptera are first recognizable in the Upper Permian, 
alongside the stem of Lepidoptera + Trichoptera, and stem Diptera 
(Willmann 1989, Wootron and Ennos 1989), and are a relatively minor 
group, never sufficiently diverse to be divided into superfamilies. 

The wings of primitive Trichoptera (caddises) are nearly identical to 
those of primitive Lepidoptera, aned the fossils are almost impossible to 
tell apart. In the diagram Permian and Triassic *“Trichoptera’ may in 
fact include members ol both orders and their common stem, and their 
larval habitats are unknown, Modern Trichoptera have aquatic larvae 
The diagram tor this order is based on Sukacheva (1982), and shows 
modest radiation, with all extant superfamilies established by the 
beginning of the Cretaceous Only then do the larval cases, which 
characterize most modern species, appear; and there is evidence lor a 
substantial Cretaceous/Palaeovene radiation of families. particularly 
within the Superfamily Phrvganeoidea> perhaps accompanying the 
adoption of detritus-shredding in slow-fowing and still water (Wootton 
1988), 

The radiation patterns of the five great orders show clear differences 
from one another The only one with exoptervgote development is 
the Order Herniptera (buys)—the dominant order of the Division 
Paraneoptera. Paraneoptera are first found in the Lower Permian, 
where Hemiptera occur beside the earliest members ol the related but 
far smaller Orders Psocoptera and Uhysanoprera 

Hemiptera all have piercing and sucking mouthparts. They radiated 
rapidly in the Permian. as the similarly-endowed palacodictvopteroids 
declined and became extinct. an apparent example of ecological replace- 
ment. Radiation continued throughout the Triassic. where first appear 
members of a major clade, the Suborder Heteroptera. which 
contributes significantly to later radiations. Mans ol the early fossil 
Heteroptera are aquatic, with clear predatory adaptations (Popes 
1971). Today the only predatory Hemiptera are Heteroptera. Whether 
predation was the primitive habit of Heteroptera is disputed (see 
Schacter 1981 lor a review) but there is no doubt that Irom the 
beginning it plaved an important role in their evolution 

The Jurassic saw extensive development af new supertamilies. most 
of them Heteroprera. Others continue to appear in the Cretaceous and 
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Tertiary; but the most significant post-Jurassic radiations were at the 
level of family or below. While members of several other orders feed on 
animal juices and plant exudates, Hemiptera and the closely related 
Thysanoptera remain the only groups significantly to exploit plant sap. 
Many of these are oligo- or monophagous, and the radiation of 
angiosperms was certainly accompanied by massive generic and specific 
diversification. 

Coleoptera similarly first appear in the Lower Permian (Pono- 
marenko 1969). though many Permian fossils previously thought 
to be beetles now appear to belong to the extinct Protelytroptera 
(Kukalové 1969). They are abundant throughout the Mesozoic 
(Ponomarenko 1977, 1985) and Tertiary. Pigure 9.3 suggests that the 
principal periods of radiation were the Jurassic and the Palaeo- 
gene—but this is certainly misleading. Fossil beetles frequently consist 
of single elytra, or of paired elytra with a pronotum, and are partic- 
ularly hard to classify. The radiation diagram is in the early stages 
biased towards the few groups—like water-beetles, click-beetles, and 
weevils—which can confidently be recognized using these and a few 
other gross body characters. The apparent superfamily explosion in the 
Palacogene ts certainly largely due to the Baltic Amber. in which many 
beetles are preserved in fine. systematically useful detail. It seems 
probable that Coleoptera were actually radiating vigorously from the 
Triassic onwards, and that most or all modern superfamilies were estab- 
lished by the Palaeogene. However, since several of the largest families 
consist exclusively of phytophagous insects, many of which are host- 
specific, there can be no doubt that there was extensive late radiation 
below the superfamily level, associated with the development of the 
modern fora. 

Coleoptera are an enormous group, which today form over one-third 
of all described animal species. They have chewing mouthparts. and 
their success reflects their capacity tor exploiting an immense.range of 
food sources. plant and animal, living and dead, in a great variety of 
terrestrial and aquatic habitats throughout the world. 

The Hymenoptera present an unusually) compact radiation pattern, 
which in part reflects their particularly intensive study over some 25 
vears by A.P. Rasnitsyn (Rasnitsyn 1988). Whereas Coleoptera and 
Diptera are both magnificent general-purpose orders. Hymenoptera 
are notable for doing a few things extremely well. Most of the Suborder 
Syvmphyta (sawflies) parallel the Lepidoptera in having phytophagous. 
caterpillar-like larvae. variously attacking leaves. fruits. and wood. The 
Suborder Apocrita include a great range ol specialized predators. inclu- 
ding parasitoids, on insects and other arthropods. most of the predation 
being carried out by specialized larvae hatching in or next to the pres 
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with which their parent has supplied them. Other Apocrita are 
bees—solitary and social pollen and nectar-leeders; and ants— versatile 
foragers which combine a wide food range with highly complex cusoctal 
behaviour. The fossil record indicates that these ways of lite evolved 
sequentially, Symphyta appear in the Triassic, and their superfamilies 
diverged in the Jurassic. Parasitoid Apoerita appear in the Lower 
Jurassic and diversity through the Jurassic. The predatory wasps 
appear in the Jurassic and radiate extensively in the Cretaceous, where 
the first ants occur. The bees, which depend heavily on angiosperm 
flowers, are now represented in the late Cretaceous by a specimen 
belonging toa cusocial subfamily (Michener and Grimaldi 1988). Social 
organization seems to have been established in several distinct 
Cretaceous groups (Burnham 1978) 

The two giant mecopteroid orders, Diptera and Lepidoptera, 
contrast sharply. Stem Diptera were probably present in the late 
Permian (Willmann 1989; Wootton and Ennos 1989). They are known 
from very lew Triassic localities. but the initial major radiation of the 
Suborder Nematocera seems to have taken place in the Triassic and 
early Jurassic, that of the Brachycera in the mid-and late Jurassic, and 
of the Cyclorrhapha in the Cretaceous and Palacogene (Kovalexs 1987) 
The key to the success of the Diptera may well have been the remarkably 
versatile apodous larva ( Keilin 1944), which has shown itself adaptable 
io life in a wide spectrum of aquatic, semiaquatic, and terrestrial 
habitats. including many hiehly anoxic situations where no other insects 
are found. In particular the Mesozoic expansion ol nematoceran and 
brachveeran Diptera must have altered the structure and functioning 
ol all freshwater ecosystems bevond recognition (Wootton 1988), and 
the Cretaceous radiation of Cyclorrhapha must have transtormed 
decomposition processes 

The Lepidoptera were the last of the major orders to expand, and are 
perhaps the least versatile: with very few exceptions the larvae are 
phytophagous, leeding on leaves, sterns. roots, or fruits, and the adults 
sip nectar and other organic-rich liquids) Whalley (1986) has reviewed 
the Mesozoic records, which are still scanty. The great majority of 
supertarnilies and families first appear in the Palaeogene, and their 
spectacular radiation ts evidently linked with the rise of the modern, 
angiosperm-dominated flora 


Discussion 


1 Supraordinal radiation patterns 


Smart (1963) and Smart and Hughes (1972) described insect evolution 
in terms of a series of six explosive radiations, each leading to a 
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recognizable assemblage of orders. They illustrated each as a burst ol 
lines radiating from a single point at a single moment in time, actually 
representing (Smart and Hughes 1972) a series of close-coupled 
dichotomies occurring within a relatively brief period. They are: 


(1) a radiation of winged (pterygote) forms, whieh immediately 
followed the origin or flight; 


(2) the radiation of Palaeoptera (winged forms, primitively incapable ol 
folding the wings): 


(3) the radiation of Neoptera, following the evolution of wing-lolding: 
(+) the radiation of Paraneoptera: 


(5) the radiation of ‘Oligoneoptera’ ( = Holometabola = *Endoptery- 
gota’), following the origin of holometabolous development; 


(6) the radiation of the mecopteroid orders. 


Inasmuch as Pterygota, Palacoptera, Neoptera, Paraneoptera, 
Holometabola, and Mecopteroidea are probably all monophyletic 
groups (Hennig 1981; Kristensen 1981; Carpenter and Burnham 
1985), these six radiations were probably real events, but their dating 
and ‘explosiveness’—in the sense of shortness of duration and 
compactness of branching pattern—need to be examined. 

Radiations 1, 2. and 3, as well as the inital radiations of the 
apterygote groups, took place before the Namurian, when the insect 
fossil record begins in earnest. If, as seems most probable, flight evolved 
through parachuting and gliding from tall plants (Wootton and 
Ellington 1990), it is unlikely to have originated belore the late 
Devonian when tree-like forms became widespread, but this still allows 
an ample 40 Ma for the varied and highly adapted Namurian fauna to 
have developed. We have no means of knowing whether the origin of 
flight, of wing-folding, and of piercing and sucking mouthparts were 
followed by rapid radiation, or gradual, progressive diversification. 

We do not vet know precisely when the stems of Paraneoptera and 
Holometabola became distinct, but their radiations (points + and 5 
above) have taken place well within the pertod from which we have fossil 
information. In each case, one group seems to have undergone fairly 
rapid expansion—in Paraneoptera the Hemiptera, in Holometabola the 
stem mecopteroids—while others (Psocoptera and Thysanoptera, 
Coleoptera and Neuroptera) have developed more slowly. Interest- 
ingly, in view of the present dominating position of Holometabola, the 
origins of internal wing development and the pupal stage (usually 
assumed to be closely linked) do not seem to have led to an immediate 
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remarkable burst of evolutionary activity; the enormous potential of the 
holometabolous developmental pattern appears to have been realized 
progressively, over a long period of time. Even now the larvae and 
adults of many Coleoptera feed side by side in the same habitats, like 
Orthoptera and Hemiptera; and show far less resource partitioning 
between stages than do the hemimetabolous dragonflies, mayflies, 
stoneflies, and cicadas 

We must conclude that the fossil record does not particularly support 
Smart's model of explosive radiations following his six landmarks. 
though they cannot all be ruled out. For examples of rapid radiations 
one needs instead to look within individual orders 


2. Intraordinal radiation patterns 

Attention has already been drawn to an array of orders—Odonata and 
Ephemeroptera, Plecoptera, Orthoptera and Dictyoptera, Psocoptera, 
Thysanoptera and Neuroptera—which became established in the 
Carboniferous or Lower Permian, exploiting broad resources which 
were already available and have continued to be so. These orders have 
undergone evolutionary change and expansion as the resources have 
changed and expanded, and in some cases—notably Ephemeroptera 
and Dictvoptera—have extended their habitat range and feeding 
capabilities. 

Some of these generalizations also apply to two of the great orders, 
Hemiptera and Coleoptera. Both were present in the Permian, each 
possibly exploiting a single type of food: plant sap in the former. perhaps 
wood in the latter—though this last is far from certain. Both. however. 
underwent spectacular later radiations after breaking into new adaptive 
zones: in the Hemiptera suctorial predation on land, and in and on 
water: in Coleoptera terrestrial and aquatic predation. and a great 
range of variations on the themes of detritophagy and = phyto- 
phagy—including, importantly, spore and pollen-feeding 

Diptera, Hymenoptera, and Lepidoptera were all later arrivals, and 
each broke new ground, making full use of the possibilities of 
holometaboly. The caterpillar-like larvae of Hymenoptera Symphyta 
(sawtlies), and much later those of Lepidoptera, became the most 
important chewers of living plants. along with some Orthoptera and 
Coleoptera. Parasitoidy, in which a specialized apodous larva hatches 
and feeds in or on its prey, appears to have been a hymenopteran 
innovation (later adopted by several groups of Diptera) and was 
followed by a considerable radiation of families in the Jurassic 
(Rasnitsyo 1988), and of genera and species thereafter. A radiation ol 
predatory wasps. rather similarly adapted. can be seen in the Creta- 
ceous. The apodous larvae of Diptera allowed widespread colonization 
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of aquatic and semi-aquatic habitats, including in due course 
decomposing materials, the interior of living animals and plants, and 
oxygen-poor substrates of many kinds, to which successive Mesozoic 
radiations of dipterous clades probably bear witness. 

The adults of Diptera, Lepidoptera, and many Hymenoptera feed 
mainly on organie liquids: animal and plant exudates, decomposition 
products, nectar, and. in the case of Diptera, arthropod and vertebrate 
blood. Several groups tn each order take spores and pollen; and it is this 
habit, which they share with many Coleoptera, which seems to have led 
from the Cretaceous onwards to the extraordinary co-evolution of 
insects with the flowering plants. 

It is clear from palacontology and from our knowledge of extant 
ecosystems that the importance to insect evolution of the rise of the 
angiosperms cannot be overemphasized. l led to the radiation of the 
bees (Hymenoptera, Apoidea), which depend entirely on angiosperms 
and are unknown before the late Cretaceous, provided a new—or at 
least greatly enlarged—energy-rich source of liquid food for other 
Hymenoptera. for Lepidoptera, and for many groups of Diptera and 
Coleoptera, and created a new. widely distributed, very diverse flora in 
an extensive range of new habitats, which phytophagous insects were 
able ro exploit, The eflects can be seen in many different groups, some 
of them already long-established. The late rise of Acrididae and 
Tettigoniidae, the two dominant modern families of Orthoptera. 
has already been mentioned. Weevils (Coleoptera, superfamily 
Curculionoidea) had been present since the Jurassic, bur their 
enormous later radiation (they are now by far the largest superfamily of 
animals) must have been greatly stimulated by the angiosperm 
revolution. So must many familhes of Hemiptera and Hymeno- 
ptera-Syvmphyta. 

Other groups. today heavily dependent on angiosperms, seem to 
have radiated extensively alongside them: Jeal-beetles (Superfamily 
Chrysomeloidea), now second in number of species only to the weevils: 
cecidomyid, agromy aid. tephritid. psilid, and many other Mies: gall- 
wasps (Hymenoptera. family Cynipidae), Most spectacularly Lepi- 
doptera, which seem to have been inconspicously present since the early 
Jurassic. clearly underwent dramatic radiation in the late Cretaceous 
and Palaeogene—ineidentally providing a notable example of a 
macroevolutionary lay (Jablonski and Bottyer. Chapter 2. this volume). 
Measured in described species, Lepidoptera are now the second largest 
order 

The enormous diversification of species retleces the tact that vers 
many of these phytophayous insects are mono- or oligophagous, and 
thes in turn led t0 a notable radiation in host-speeilic. or host-limited 
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parasitoids, particularly, though nor exclusively, in the Avinenopreran 
superfamilies Ichneumonoidea, Evanioidea, Proctorrupoidea, and 
Chalcidoidea. all of which had first appeared in the late Jurassic or early 
Cretaceous, and the dipteran lamaly Tachinidae, which is first certainty 
recorded in the Palacogene 


Summary 


In a taxon as large as the insects. 1 is not surprising that a wide spectrum 
of different radiation patterns can be recognized Examples of rapid 
expansion into mew adaptive zones are widespread Many tollow 
adaptauions—apparent in the fossil record or deduced trom: other 
evidence—which are not obviously linked to external events: piercing 
and sucking mouthparts in palaeodietvopteroids and later in Hemip- 
tera, parasitoids in Hymenoptera: the apodous larva ol Diptera: social 
organization in termites and several lines of Hymenoptera. asyn- 
chronous flight muscle. along with small size. many times in 
different groups: and perhaps the origin of flight, Other radiations 
follow the colonization of new habitats: tresh water, by Mesozoit 
Coleoptera, Heteroptera, and Diptera; leal mesophyll by agromyzid 
Diptera and nepuculid moths. bach of these seems to have been limited 
more by chance or by evolutionary rates rather than by external 
opportunity Others. however, clearly follow expansions in other 
groups: most notably bees and other nectar-leeding Hymenoptera, 
Lepidoptera, Diptera, and Coleoptera. following the angiosperm 
expansion, and the three linked uers of major Cretaceous and Tertiary 
radiatiuns—flowering plants, phytophagous insects, and their spe- 
cialized predators arid parasitoids. 

The lirst appearances ol significant insect groups are not always 
followed inimediately by evidence lor major radiations: Coleoptera ancl 
Lepidoptera in particular show pronounced macroevolutionary lags. 
Rather surprisingly. even holometabolous development does not seem 
to have led immediately to radiation on the seale which we might expect 
from the present dominance of Holometabola 

At our present level of palacoecological knowledge at ts citlicult ro 
recognize clear examples of ecological replacement of one group bs 
another. The most convincing ts that ol palacodictyoptervids by 
Hemiptera in the Permian. Whalley (1985) has drawn attention to the 
significant wave ol extinctions at family level which seems to have taken 
place berween the carly Jurassic and the early Cretaceous. Many 
Cretaceous families—mosi of which survive. can perhaps be considered 
io have ‘replaced’ related Jurassic families 

In conclusion, it 1s essential again to stress the need lor caunon. The 
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known lossil record ts a tiny, and a profoundly and irregularly biased 
sample of insect biota through time, Tiny samples mav, however, give 
valuable information; the presence of a single representative of an 
extant group at a particular horizon is unequivocal evidence that both 
the group and its sister-group were established by that ume. 
Furthermore, although our knowledge of the nature of the bias is very 
incomplete, it can be significantly improved in any particular case by 
studying all the geological evidence. biogenic and non-biogenic, and 
can then indicate danger areas. For example. the angiosperm-linked 
insect radiations lirst become apparent in the late Cretaceous. 
predominantly in high-latitude localities, However Crane and Lidgard 
(Chapter 17. this volume) show that angiosperms first became impor- 
lant in low palaeolatitudes. whose insect faunas are hardly known. The 
Cretaceous Insect radiations may well have taken place appreciabiv 
earlier than we realize, 
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